We have investigated the effects of piezoelectric potential in a ZnO nanowire on the transport characteristics of the nanowire based field effect transistor through numerical calculations and experimental observations. Under different straining conditions including stretching, compressing, twisting, and their combination, a piezoelectric potential is created throughout the nanowire to modulate/alternate the transport property of the metal-ZnO nanowire contacts, resulting in a switch between symmetric and asymmetric contacts at the two ends, or even turning an Ohmic contact type into a diode. The commonly observed natural rectifying behavior of the as-fabricated ZnO nanowire can be attributed to the strain that was unpurposely created in the nanowire during device fabrication and material handling. This work provides further evidence on piezopotential governed electronic transport and devices, e.g., piezotronics.
I. INTRODUCTION
Zinc oxide ͑ZnO͒ is an important semiconductive and piezoelectric material for electronics, optoelectronics, sensors, and energy science. 1, 2 ZnO-based nanostructures are diverse and abundant with a great potential for nanotechnology. 3 Recently, various novel devices have been fabricated using ZnO nanowires/nanobelts, such as piezoelectric power generators, 4 field-effect transistor ͑FET͒, 5 ultraviolet photodetectors, 6 Schottky diodes and switches, 7 and flexible piezotronic strain sensors. 8 A key issue for all of these devices is that their performances are largely dictated by the contacts between the ZnO nanowire and the metal electrodes. Distinctly different current-voltage ͑I-V͒ characteristics have been observed for devices fabricated using identical electrode materials and nanowires of similar size and doping concentration, and prepared under same conditions. They can be grouped into three types: a rectifying feature, which is a result of asymmetric contacts at the two ends of the nanowire, a linear I-V dependence, which implies that both of the two contacts are Ohmic type, and a symmetrically downward bending I-V demeanor, which corresponds to the symmetric Schottky contacts. We now use a practical example to illustrate the asymmetric contacts formed at the two ends of a ZnO nanowire.
We previously found a spontaneous formation of a Au/ ZnO nanobelt Schottky diode I-V transport property in 80% of the as fabricated nanodevices. 9 The rectifying behavior was quite stable, as shown in Fig. 1 , the last measurement performed 7 days after the device was exposed to air was consistent with the data obtained 2 h after the device was fabricated. 9 The origin of the rectifying behavior is unlikely caused by the different polarity surfaces of the ZnO nanowire provided it is along c-axis because the contacts are at the same side surface of nanowire, either ͕2-1-10͖ or ͕01-10͖, lying on the gold electrodes and the cation-or anionterminated surface has very limited effect on the transport unless the contacts are only at the top and bottom ends of the nanowire. 9 Even though the Schottky barrier height is difficult to control, since it depends not only on the difference between the work functions of the metal and nanowire but also on the pinning of the Fermi energy by surface states, 10 and can be alternated by many other factors, such as image force, field penetration, and the existence of an interfacial insulating layer, 11 however, as it happens, the two ends of one nanowire might not have significantly different densities of surface states or of accumulated electrons induced by oxide insulata͒ Author to whom correspondence should be addressed. Electronic mail: zhong.wang@mse.gatech.edu. ing layer, or any other significant variations of physical characteristics that could drastically affect the contact behaviors at the two ends. Therefore, it is intriguing that one ZnO nanowire device would naturally exhibit significantly different Schottky barrier heights or even have two types of contacts at its two ends. We cannot simply attribute this phenomenon to experimental uncertainty, as it is not a random but a common and stable behavior.
The objective of this paper is to provide an explanation about the phenomena illustrated above. Our main idea is introducing strain created unpurposely in nanowire during device fabrication and material handling, which is rather difficult to control owing to the small size of the nanowires. The naturally built-in strain in the ZnO nanowire creates a piezoelectric potential, which can significantly change the Schottky barrier heights at the two ends. This model is established through numerical calculations and our experimental observations. The results suggest that handling of nanowires is important in dictating their electrical transport properties, especially for piezoelectric nanostructures.
II. PIEZOELECTRIC POTENTIAL DISTRIBUTION UNDER DIFFERENT STRAINING STATES
Previously we have experimentally demonstrated that when purposely applying a strain on a ZnO nanowire, the generated piezoelectric potential would induce an asymmetric change in Schottky barrier height at the source and drain electrodes of the ZnO wires based FET. 7, 8 By piezoelectric potential we mean the potential created by the charges of ions in the crystal that experience a polarization when subjected to straining. The ionic charges are affixed to the atoms and they cannot freely move as long as the strain is preserved. In practice, strain can be introduced without any purpose especially for nanomaterials during device fabrication. During device fabrication, many processes will unavoidably introduce all kinds of strains. For example, if we use silver paste as electrodes, when the silver gets dried, the nanowire is stretched. The nanowire could also be twisted and/or stretched during manipulation. It inspires us to assume that the transport behavior of a two-end contacted ZnO nanowire device is strongly affected by piezoelectric potential produced by strain.
In our experiments, we used a polymethylmethacrylate ͑PMMA͒ film as substrate, on which the two ends bonded nanowire was affixed. The two ends of the nanowire were contacted with the use of silver paste, which bonded the nanowire on the substrate as it dried. By introducing different strains in the polymer substrate by slight bending of its shape, we can introduce various mechanical deformations in the nanowire when the device was built.
The main part of a typical two-terminal nanoelectronic device is a hexagonal ZnO nanowire grown along c-axis with its two ends and short segments adjacent to the ends fully embraced by electrodes, where several kinds of forces, including tensile, compression, twisting and combinations of them, act on the nanowire. Our first task is to calculate the piezoelectric potential distribution throughout the nanowire under these forces. It belongs to a static piezoelectric problem that can be described by four equations: mechanical equilibrium equation ͓Eq. ͑1͔͒, Gauss' law of electric field ͓Eq. ͑2͔͒, fundamental piezoelectric equations ͓Eq. ͑3͔͒, and compatibility equation ͓Eq. ͑4͔͒. 12, 13 In order to simplify the system and concentrate on observing how the piezoelectric potential would vary with different applied strains, we assume there is no body force and no free charge in the nanowire, hence the divergence of the stress tensor is equal to zero for static mechanical equilibrium,
and Gauss equation is satisfied by the electric displacement D ជ ,
The constitutive relations between and D ជ are expressed by fundamental piezoelectric equations,
where E ជ is the electric field, c E is the elasticity matrix, e is the piezoelectric coupling matrix, is the dielectric matrix, and is the strain tensor, which needs to satisfy the compatibility equation,
The acting region of the force introduced during device fabrication should include the entire exterior surface of a segment by the end of nanowire, since in practice, it is almost impossible to make a metal-nanowire contact just at the very end surface of the nanowire. Hence we separate the nanowire into three domains, with the two side domains as the contact regions where the force is applied.
The fully coupled Eqs. ͑1͒-͑4͒ can be solved with finite element method. For simplicity of illustrating the proposed physical model, the charge carriers in ZnO have been ignored, which greatly simplify the numerical approach. Figure  2͑a͒ shows a ZnO nanowire without any applied force. The total length of the nanowire is 1200 nm with a 100 nm length of contact domain at each end, and the side length of the hexagonal is 100 nm. The material constants used in the calculation are anisotropic elastic constants c 11 = 207 GPa, c 12 = 117.7 Gpa, c 13 = 106.1 GPa, c 33 = 209.5 Gpa, c 44 = 44.8 GPa, c 55 = 44.6 GPa, piezoelectric constants e 31 = −0.51 C / m 2 , e 33 = 1.22 C / m 2 , e 15 = −0.45 C / m 2 , and relative dielectric constants Ќ r = 7.77, ʈ r = 8.91. When a stretching force of 85 nN is uniformly acting on the nanowire surfaces surrounded by electrodes in the direction parallel to c-axis, the length of the nanowire would increase for 0.02 nm, which produces a tensile strain of 2 ϫ 10 −5 . As shown in Fig. 2͑b͒ , it creates a potential drop of approximately 0.4 V between the two end sides of the nanowire with the +c-axis side of higher potential. When the applied force changes to a compressive, the piezoelectric potential reverses with the potential difference remaining 0.4 V but with the −c-axis side at a higher potential. As presented in Fig. 2͑c͒ , the nanowire length decreases for 0.02 nm, revealing a compressive strain of −2 ϫ 10 −5 . Note that to pro-duce the same amount of piezoelectric potential, the deformation needed here is much smaller than that in the case of bending a nanowire by a transverse force as we previously demonstrated. 14 Thus the force along the polarization direction ͑c-axis͒ is easy to produce a high piezoelectric potential. It implies that the experimental setup of applying a force laterally along the c-axis can be a good method to fabricate strain sensor 8 and nanogenerator. 15 No matter stretching or compressing, the piezoelectric potential continuously drops from one side of the nanowire to the other, which means that the electron energy continuously increases from the one side to the other. Meanwhile, the Fermi level will be flat all over the nanowire when equilibrium is achieved, since there is no external electrical field. As a result, the electron energy barrier between ZnO and metal electrode will be raised at one side and lowered at the other side, which can be observed experimentally as an asymmetric I-V characteristic. This is the governing principle for understanding the experimental results presented in Sec. III. As the strain is unavoidable during nanowire device fabrication, we would observe rectifying transport behavior for so many as-fabricated nanowire devices even with two identical electrodes. [7] [8] [9] 16 One type of force that cannot be ignored during nanowire manipulation is the twist force. Figure 2͑d͒ shows the simulation results when the nanowire has been twisted at its two ends in the opposite direction. There is no electric potential drop along the wire growth direction. Note the magnitude of the created local potential is in the order of millivolt, much smaller than the case for stretching or compressing. When contacting with electrodes and across the cross section at the end, the energy barrier between metal and ZnO at one side of the nanowire would be equivalent, thus, a symmetric contact is expected.
For most of the cases in practice, the force is a combination of twist plus tensile, or twist plus compress. As shown in Figs. 2͑e͒ and 2͑f͒ , there will be a piezoelectric potential drop produced along the wire, while the potential distribution in the cross section of the nanowire is not uniform but with one half higher and the other half lower, similar to the case of pure axial straining.
There are several things to be pointed out here. First, the effect of piezoelectricity on the transport characteristics of metal-ZnO nanowire contains two parts: one is the spontaneous polarization charge effect introduced by the Zn 2+ and O 2− terminating layers at the +c and −c end surfaces; the other is the piezoelectric potential effect. The polarized charges exist at the end surface of the nanowire and cannot freely move. They would modulate the local Fermi energy to change the Schottky barrier height and shape. However, in practice metal-ZnO contacts are not just at the very end surface of nanowire, but also largely at the side surface due to the large contact area of the metal and the nanowire. For most of the time, the contact area in the side surface is much larger than at the end surface. If we only consider the polarization charge effect, electrons can pass by the side surface contact where there is no energy barrier. Second, the above calculation is based on Lippman theory, since we assume there is no free charge carriers for simplicity and the whole system is isolated. The assynthesized ZnO nanostructures are typically n-type with a typical donor concentration of 1 ϫ 10 17 cm −3 . Theoretical calculations based on statistical electron distribution in conduction band show that the free electrons tend to accumulate at the positive potential side of the nanowire at thermal equilibrium. 17 Therefore, the effect of the free carriers is to partially, if not all, screen the positive piezoelectric potential, while no change to the negative piezoelectric potential. In such a case, the calculation results presented in Fig. 2 can still be adopted for explaining practical experimental results except the magnitude of the positive potential has to be reduced to balance the effect of the free carriers. Third, strain will not only induce piezoelectric effect in ZnO but also causes band structure variation. The generated deformation potential can also change the Schottky barrier height: under tensile strain the barrier will be lowered and under compressive strain the barrier will be raised. However, the variations at two ends of nanowire are identical and in the same tendency, and it cannot change a symmetric I-V curve into a rectifying I-V behavior. This is the piezoresistance effect.
FIG. 2.
͑Color online͒ Numerical calculation of the piezoelectric potential distribution in a ZnO nanowire without doping. ͑a͒ An unstrained ZnO nanowire grown along c-axis with a length of 1200 nm and a hexagonal side length of 100 nm. Two ends of the nanowire are assumed to be surrounded by electrodes for a length of 100 nm. Three-dimensional views of the piezoelectric potential distribution together with deformation shape for the nanowire ͑b͒ at a stretching force of 85 nN, ͑c͒ at a compressing force of 85 nN, ͑d͒ at a twist force pair of 60 nN, ͑e͒ at a combination of 85 nN stretching force and 60 nN twist force, and ͑f͒ at a combination of 85 nN compressing force and 60 nN twist force. The stretching and compressing forces are supposed to uniformly act on both the end surfaces and side surfaces of the nanowire segments surrounded by electrodes, and the twist force is uniformly applied on the side surfaces of the nanowire segments surrounded by electrodes. The red side is the positive potential side and the blue side is the negative potential side. The potential difference is around 0.4 V. Note the color scale is the same for ͑b͒, ͑c͒, ͑e͒, and ͑f͒ but ͑d͒ has a much smaller scale.
III. TRANSPORT CHARACTERISTICS OF A ZNO NANOWIRE UNDER DIFFERENT STRAINING STATES
To demonstrate that the original asymmetrical I-V characteristic could be generated from process related strain, we apply strains on the as-fabricate device to see the transport characteristic variation. For this study, the device was fabricated by bonding an ultralong ZnO wire laterally on a polystyrene ͑PS͒ substrate, which has a thickness much larger than the diameter of the wire. A single ZnO wire, with typical diameter of several micrometers and length of several hundred micrometers, was placed on the PS substrate, of typical length of ϳ3 cm, width of ϳ5 mm, and thickness of 1 mm, by using a probe station under optical microscopy. Then silver paste was applied at both ends of the ZnO piezoelectric fine wire ͑PFW͒ to fix its two ends tightly on the substrate; silver paste was also used as the source and drain electrodes. After the silver paste was dried, a thin layer of polydimethylsiloxane was used to package the device.
However before we go any further, we need to identify the contact type first because for a metal-semiconductormetal structure, a rectifying I-V curve does not necessarily mean that the device must originate from one being Schottky contact and the other being Ohmic type. We determine it by quantitatively simulating the shape of the I-V curve. If both of the contacts are Ohmic type, the transport behavior should reveal a linear I-V relationship in agreement with Ohm's law. If one contact is Ohmic and the other is Schottky, the forward electrical transport of the device is dominated by the Schottky contact for forward and reverse biases, which are described by Eqs. ͑5͒ and ͑6͒, respectively. According to the metal-semiconductor contact theory, 18 for moderately doped semiconductors, the I-V characteristics in the forward direction with V Ͼ 3kT / q ϳ 77 mV is given by
ͪ.
͑5͒
The I-V characteristics in the reverse direction with ͉V͉ Ͼ 3kT / q is
where S is the contact area, A ‫ءء‬ is the effective Richardson constant, q is the electron charge, k is Boltzmann constant, B0 is the asymptotic value of Schottky barrier height at zero electric field, and ⌬ is the image-force-induced lowering of Schottky barrier under an external electric field. V bi is the built-in potential at the barrier, N D is the donor impurity density, and is the permittivity of ZnO.
If both contacts are Schottky type, when a bias voltage V is applied across the nanowire with the left-hand side positive and right-hand side negative, the current transport characteristics should be dominated by the Schottky barrier at the right-hand side and vice versa. If the forward I-V experimental data fit well with the reversely biased Schottky barrier transport characteristic simulated according to Eq. ͑6͒, it means that both contacts are Schottky type because the reversely biased Schottky contact consumes most of the voltage drop. 19 Figure 3͑a͒ shows a transformation of a symmetric I-V curve to a rectifying behavior by straining. Both the forward bias and the reverse bias I-V curve of the as-fabricated device fit well with Eq. ͑6͒, which clearly demonstrates that there was symmetric Schottky barrier present at the contacts. Hence we suppose there was no axial strain in the wire as the device was first fabricated, although a kind of twist could be possible. The circuit diagram model of the device is a pair of back-to-back Schottky diodes, as illustrated in Fig. 3͑b͒ . Under tensile strain, the piezoelectric potential at the right-hand side of this nanowire was lower ͓denoted by blue color in Fig. 3͑b͔͒ , which raised the energy of the electrons in conduction band; thus, the Schottky barrier height became higher ͓denoted by a large diode symbol in Fig. 3͑b͔͒ . Since the positive piezoelectric potential was partially screened by free electrons, the Schottky barrier height at the left-hand side remained almost the same instead of being lowered. As a result, under positive bias voltage with the left-hand side positive, the current transport was determined by the reverse biased Schottky barrier at the right-hand side. While under the reverse biased voltage with the right-hand side positive, the current transport depended on the reverse biased Schottky barrier at the left-hand side, which had a much FIG. 3 . ͑Color online͒ Strain induced change of I-V characteristic from symmetric to asymmetric ͑diode͒. ͑a͒ Changes of transport characteristics of a Ag/ZnO-nanowire/Ag device from symmetric I-V characteristic ͑black͒ to asymmetric rectifying behavior when stretching ͑red͒ and compressing ͑green͒ the wire. ͑b͒ Circuit diagram models of the device in corresponding to the observed I-V curves, different sizes of diode symbol are used to illustrate the asymmetric Schottky contacts at the two ends of the nanowire. The blue side is the negative potential side, and the other side is the positive side. ͑c͒ Schematic energy band diagrams illustrating the changes of Schottky barriers from symmetric ͑black͒ to asymmetric under tensile strain ͑red͒ and compressive strain ͑green͒, in corresponding to the I-V curves in ͑a͒.
lower barrier height than the right-hand one. Experimentally, the device thus exhibited a rectifying behavior in the positive voltage region, and the I-V curve in the negative voltage region overlapped with that of the original curve without straining. By the same token, under compressive strain the device exhibited a rectifying behavior in the negative voltage region, and the I-V curve in the positive voltage region overlapped with that of the original curve without straining, as shown by the green line in Figs. 3͑a͒ and 3͑c͒ . Figure 4͑a͒ shows a case of changing the rectifying I-V characteristic to symmetric by tensile straining. The original rectifying I-V curve resulted from two back-to-back Schottky diodes with significantly different barrier heights. After stretching, Schottky barrier heights at both sides lowered to the same height as judged by the symmetric I-V curve shape. This is possible that the original as-fabricated device did have a built in strain, which created a piezoelectric potential in the wire, analogous to the strained case shown in Fig. 3 . If the external strain applied in our experiment just canceled the original built-in strain, the wire became "strain-free" ͓Fig. 4͑b͔͒. Thus, the Schottky barrier height originally contributed by the piezoelectric effect almost disappeared, resulting in a lowered barrier height at the left-hand side in Fig. 4͑b͒ . Thus the equal barrier heights at the two ends gave a symmetric I-V ͓Fig. 4͑c͔͒.
We now consider other possible case related to Fig. 4 . After stretching the wire, if the positive piezoelectric potential was at the low Schottky barrier side ͑right-hand side for example͒, the low barrier remained the same due to electron screen effect to the positive piezoelectric potential, while the high barrier side ͑left-hand side͒ became even higher, in which case the I-V curve would not be symmetric. Alternatively, if the positive piezoelectric potential was at the high Schottky barrier side, the high barrier would not be reduced due to the electron screen effect, while the low barrier side was raised, in which case the current will be rather small under both forward and reverse biased voltages due to high resistance at both contacts. Therefore, the original device should be compressive strained, which was canceled after applying a tensile strain.
Piezoelectric potential cannot only result in a switch between the symmetric I-V curve and rectifying behavior, but also can turn an Ohmic type into a diode. Figure 5 shows a case that a linear I-V transport behavior was converted into a rectifying behavior after applying a tensile strain. The negative piezoelectric potential at the left-hand-side of the wire after straining can introduce a Schottky barrier, while almost no change at the right-hand side. Under tensile straining, the I-V characteristic in the negative voltage region shows a lowered conductance, which could be due to the piezoresistance effect.
IV. CONCLUSION
In this paper, we have illustrated the theoretical and experimental evidence that shows the I-V transport property of a ZnO nanowire can be switched between asymmetric Schottky type and symmetric type by introducing strain. The fundamental mechanism lies in the creation of a piezoelectric potential distribution in ZnO nanowire under different straining conditions including stretching, compressing, twisting, and their combination. The transport process of metal-ZnO nanowire contacts can be modulated/switched by the gener- FIG. 4 . ͑Color online͒ ͑a͒ Changes of transport characteristics of a Ag/ZnOnanowire/Ag device from linear I-V curve ͑black͒ to rectifying feature when stretching ͑red͒ the wire. ͑b͒ Circuit diagram models of devices for the corresponded I-V curves. The blue side is the negative piezoelectric potential side. ͑c͒ Schematic energy band diagrams illustrating the changes in band structure of the contacts at the two ends of the nanowire under tensile strain.
FIG. 5.
͑Color online͒ ͑a͒ Changes of transport characteristics of a Ag/ZnOnanowire/Ag device from symmetrical characteristic ͑black͒ to rectifying I-V curve ͑red͒ when stretching the wire. ͑b͒ Circuit diagram models of devices for the corresponded I-V curves. The blue side is the negative piezoelectric potential side. ͑c͒ Schematic energy band diagrams illustrating the changes in band structure of the contacts at the two ends of the nanowire under tensile strain. ated piezoelectric potential, resulting in a switch between the symmetric transport and asymmetric transport, or even turn an Ohmic contact type into a diode. Correctly manipulating the magnitude and distribution of piezoelectric potential in nanowires, a group of electronic devices can be fabricated. This is the fundamental principle of piezotronics. 20 In practice, strain is unavoidable in the fabrication of nanowire based nanodevices due to reasons such as sample handling, substrate bending, substrate adhesion, and even solidification of metals. Such straining can introduce gigantic change in the transport properties of piezoelectric nanowires, such as ZnO, due to the creation of piezoelectric potential. The reported phenomena can also be extrapolated for nanowires of GaN, ZnS, CdS, and other wurtzite structured materials.
